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lutionary	 relationships	may	 become	 an	 increasingly	 important	 driver	 of	 ecological	
and	evolutionary	change.
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novel	 parasites	 (Ruiz,	 Fofonoff,	Carlton,	Wonham,	&	Hines,	 2000;	
Telfer	&	Bown,	2012).	While	introduced	species	leave	behind	many	
of	 their	 parasites	 in	 the	 invasion	 process,	 they	 seldom	 lose	 all	 of	
them	(Blakeslee,	Fowler,	&	Keogh,	2013;	Torchin,	Lafferty,	Dobson,	





one	 another—that	 is,	 host‐switching	 by	 the	 introduced	parasite	 to	
exploit	a	novel	host	species	(Goedknegt	et	al.,	2016;	Tompkins	et	al.,	
2011).	In	contrast,	there	has	been	very	little	exploration	of	parasite	





















can	 then	 result	 in	a	mosaic	of	host–parasite	 relationships	across	a	




In	 this	 study,	 we	 tested	 the	 impact	 of	 host–parasite	 evolu‐
tionary	 history	 on	 the	 prevalence	 of	 the	 parasite	 in	 the	wild	 and	
on	 the	host's	 susceptibility	 to	parasitism	under	controlled	 labora‐
tory	conditions.	We	used	a	system	with	two	widespread	host	crab	
species	 and	 a	 castrating	 barnacle	 parasite,	 in	 which	 the	 parasite	
(Loxothylacus panopaei)	has	a	more	restricted	native	range	than	its	




2014).	 However,	 we	 note	 that	 this	 study	 is	 focused	 on	 potential	
host	 evolution	 in	 response	 to	 the	parasite	 and	does	not	 consider	









the	 parasite	 in	 its	 native	 range,	 given	 the	 strong	 selective	 pres‐
sure	of	permanent	castration	as	a	consequence	of	parasitism,	and	
that	 crabs	 without	 a	 long‐term	 history	 with	 the	 parasite	 would	
be	 more	 susceptible	 to	 parasitism.	 We	 tested	 two	 specific	 pre‐
dictions	based	on	 this	hypothesis,	 using	data	 from	a	 field	 survey,	
a	 literature	 survey,	 and	 a	 controlled	 laboratory	 experiment.	 First,	
we	tested	whether	the	parasite	was	more	prevalent	in	its	invasive	
range	 than	 in	 its	 native	 range.	We	 conducted	 a	widespread	 field	
survey	 spanning	more	 than	 4,000	 km	 of	 shoreline	 along	 eastern	
North	 America,	 comparing	 host	 demography	 and	 parasite	 preva‐
lence	among	estuaries	where	the	parasite	is	native,	introduced,	and	









experiments	 under	 controlled	 conditions	 to	 test	 whether	 crabs	
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2  | MATERIAL S AND METHODS
2.1 | Host–parasite study system





rhizocephalan	 Loxothylacus panopaei	 has	 been	 shown	 to	 alter	 host	
feeding	and	activity,	 increase	susceptibility	to	predation,	and	change	
the	structure	of	the	 larger	ecological	community	 (Belgrad	&	Griffen,	










one	specific	clade	(the	ER	clade)	that	 infects	Eurypanopeus depressus 
and Rhithropanopeus harrisii	(Kruse	et	al.,	2011).
Both	hosts,	R. harrisii and E. depressus,	have	wide	native	ranges	
spanning	much	 of	 the	 Atlantic	 and	 Gulf	 coasts	 of	 North	 America	
(Williams,	1984).	In	contrast,	the	parasite	L. panopaei	was	historically	
restricted	 to	 the	Gulf	Coast	 and	 south	of	Cape	Canaveral,	Florida	
(Hines,	 Alvarez,	&	Reed,	 1997;	Kruse	 et	 al.,	 2011;	 Figure	 1a).	 The	
parasite	 invaded	 the	 Chesapeake	 Bay	 in	 the	 early	 1960s,	 likely	
introduced	via	infected	host	crabs	associated	with	live	oyster	ship‐
ments	 intentionally	transported	from	the	Gulf	Coast	after	the	col‐
lapse	 of	 the	 Chesapeake	 Bay	 oyster	 fishery	 (Andrews,	 1980;	 Van	
Engel,	Dillon,	Zwerner,	&	Eldridge,	1966).	Once	 in	 the	Chesapeake	
Bay,	 the	 parasite	 rapidly	 spread	 south,	 finally	 connecting	with	 its	















Sampled	 estuaries	 were	 distributed	 among	 regions	 with	 distinct	
histories	of	L. panopaei	parasitism:	three	estuaries	where	the	para‐
site	 is	 native	 (Louisiana,	Gulf	Coast	 Florida,	 and	 southern	Atlantic	
Florida),	three	estuaries	where	the	parasite	is	introduced	(northern	
Atlantic	 Florida,	 South	Carolina,	 and	Maryland),	 and	 three	 estuar‐
ies	where	the	parasite	has	not	yet	invaded	and	crab	hosts	are	thus	
completely	naïve	 to	 the	parasite	 (New	Jersey,	Massachusetts,	 and	
New	 Hampshire).	 Because	 estuarine	 systems	 are	 highly	 dynamic,	
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sampling	was	carried	out	at	three	to	four	sites	per	estuary	located	
along	 a	 salinity	 gradient	 (~5–25	 Practical	 Salinity	 Units,	 PSU)	 to	
capture	the	environmental	conditions	where	the	brackish	R. harrisii 




benthos	 in	 0.5‐4	m	water	 depths.	 Collectors	 do	 not	 trap	 animals	
but	 rather	 mimic	 natural	 habitat,	 providing	 a	 refuge	 for	 coloniza‐




twice,	once	 in	 the	mid‐late	 summer	and	once	 in	 the	early	 autumn	
(Table	S1.1),	following	a	minimum	deployment	duration	of	4	weeks.	
Collectors	 from	MA	and	NH	were	 checked	once,	 in	 the	 late	 sum‐
mer,	to	collect	data	on	host	populations	in	the	absence	of	parasitism.	
During	each	check,	all	panopeid	crabs	≥2	mm	carapace	width	(CW)	
were	 collected	 and	 later	 examined	 under	 a	 dissecting	microscope	
for	 the	 following:	 species	 identity,	CW	 (in	mm),	 sex,	 and	presence	
and	 number	 of	 external	 L. panopaei	 parasite	 reproductive	 struc‐
tures,	called	externae.	While	counting	only	external	signs	of	para‐
sitism	 produces	 a	 conservative	 estimate	 of	 prevalence,	 this	 is	 the	
standard	approach	used	in	this	system	(see	references	in	Table	S1.2).	
Additional	methodological	details	are	given	in	Appendix	S1.
Statistical	 analysis	 for	 field	 sampling	 followed	a	hierarchical	or	
stratified	design.	At	 the	highest	 level,	 there	are	 three	 regions	 that	
differ	in	their	history	of	parasitism,	where	the	parasite	has	a	status	
of	native,	introduced,	or	absent.	Within	each	of	these	regions,	three	




first	 calculated	 at	 the	 smallest	 scale	 for	 each	 site	 ×	 time	 sample	
(Table	1;	Rothman,	 2002),	 as	 the	number	of	 visibly	 infected	 crabs	
divided	by	the	total	number	of	crabs	above	the	minimum	size	for	vis‐
ible	infection	(3.9	mm	CW	for	R. harrisii;	5.8	mm	CW	for	E. depressus; 
see	Appendix	S1	for	further	detail).
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conducted	 for	 this	 study	 (Table	S1.2,	Appendix	S2).	 In	order	 to	be	
included,	data	had	to	meet	the	following	criteria:	Sampled	sites	were	




was	 provided.	 For	 records	 of	 absence,	 the	 study	 had	 to	 explicitly	









TA B L E  3   Rhithropanopeus harrisii	susceptibility	to	parasitism	by	Loxothylacus panopaei,	as	the	percentage	of	hosts	becoming	infected	
after	a	single	exposure	to	the	parasite
Region Estuary Site Parasitized Unparasitized Total Susceptibility (%)
Native Louisiana LA2 4 9 13 30.8
Florida—Gulf AP1 8 23 31 25.8
Overall	native 12 32 44 27.3
Introduced Florida—Atlantic ML2 4 13 17 23.5
South	Carolina SC1 4 16 20 20.0
Overall	introduced 8 29 37 21.6
Absent New	Jersey NJ1 16 10 16 62.5
New	Hampshire NH2 6 8 14 42.9
Overall	absent 16 14 30 53.3
Note: Site	is	the	specific	sampling	site	where	experimental	crabs	were	collected,	as	in	Table	1.	Parasitized,	unparasitized,	and	total	are	numbers	of	
crabs	in	each	category.
TA B L E  2  Parasite	prevalence	by	estuary	and	regional	parasite	status	(native	or	introduced);	for	introduced	regions,	approximate	date	of	
introduction	is	given	in	parentheses
Region Estuary N samples N para Prop para
Within parasitized samples only
N crabs Overall prevalence
Range of 
prevalence
Native Louisiana 7 2 28.6 245 1.2 0.9–10.0
Native Florida—Gulf 5 0 0 0 0 –
Native Florida—Atlantic 5 0 0 0 0 –
Overall	native 12*  2 16.7 245 1.2 0.9–10.0
Introduced	
(2005)
Florida—Atlantic 7 5 71.4 182 19.8 11.6–44.4
Introduced	(c.	
1993)
South	Carolina 6 3 50.0 139 8.6 4.7–10.7
Introduced	
(1964)
Maryland 6 5 83.3 236 40.7 11.9–87.5
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double	arcsine	transformation	(Freeman	&	Tukey,	1950),	back‐trans‐
formed	to	proportions	per	Miller	(1978)	using	an	unweighted	mean	
and	 implemented	 in	 the	R	package	 “metafor”	 (Viechtbauer,	 2010).	
This	 approach	was	 chosen	 in	 part	 because	 it	 handles	 proportions	
equal	to	zero	well,	and	our	data	included	multiple	samples	in	which	
the	 parasite	was	 not	 found.	We	 calculated	mean	 prevalence	 both	
with	and	without	samples	in	which	the	parasite	was	not	found.








reference	 (e.g.,	 study	 from	which	 the	 data	 derived)	 as	 random	ef‐
fects.	 For	 all	 meta‐analysis	 models,	 we	 calculated	 the	 theoretical	
marginal	 and	 conditional	R2	 using	 the	 approach	 of	Nakagawa	 and	






Crabs	 for	 this	 experiment	 derived	 from	 six	 estuaries	 in	 total,	 two	




be	within	 the	optimal	 range	 for	 both	host	 and	parasite	 (Reisser	&	
Forward,	1991;	Walker	&	Clare,	1994).	Crabs	were	fed	a	diet	of	com‐
















derived	 from	 two	different	 parasite	 individuals.	 Crabs	 and	 cyprids	
were	held	together	under	experimental	conditions	for	24	hr,	and	then	
water	was	fully	exchanged	to	remove	all	remaining	larvae.



















3.1 | Prevalence in field survey
In	 total,	 we	 sampled	 5,088	 panopeid	 crabs,	 primarily	 R. harrisii 
(79.2%)	and	E. depressus	(19.0%).	The	remainder	of	the	samples	were	
comprised	of	Panopeus herbstii	 (1.2%)	and	Dyspanopeus sayi	 (0.6%).	
We	found	evidence	of	L. panopaei	parasitism	in	R. harrisii	 in	five	of	
nine	surveyed	estuaries	and	in	E. depressus	at	three	of	nine	estuaries.	
Infection	 rate	 in	R. harrisii	was	 highly	 variable	 across	 regions	with	
different	histories	of	parasitism.	As	expected,	we	found	no	evidence	







Gulf	 Florida	 as	 a	 parasite‐native	 estuary	 but	 conducted	 relevant	
tests	without	including	the	southeastern	Florida	estuary	in	the	para‐
site‐native	region	as	noted.
In L. panopaei's	native	 range,	16.7%	 (2/12;	N	=	1,133	crabs)	of	
R. harrisii	 samples	contained	L. panopaei,	while	 in	 the	parasite's	 in‐
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Although	we	found	far	fewer	E. depressus	than	R. harrisii	due	to	
our	focus	on	brackish	areas,	we	observed	a	similar	pattern	of	infec‐




L. panopaei,	prevalence	was	higher	 in	the	 introduced	range:	25.7%	
infected	 (range:	14.3%–50.0%)	versus	1.3%	 (range:	0.1%–6.7%)	 in‐
fected	in	L. panopaei's	native	range.	Modeling	found	that	the	proba‐
bility	of	parasitization	in	E. depressus	was	significantly	higher	where	
the	parasite	was	 introduced	relative	 to	 its	native	 range	 (z	=	−2.41,	
p	=	.016).
3.2 | Prevalence in the literature
For R. harrisii,	L. panopaei	was	present	in	84.3%	of	introduced	range	
records	 (91/108;	Figure	2),	significantly	more	frequently	than	the	
16.7%	 of	 native	 range	 records	 where	 the	 parasite	 was	 encoun‐
tered	 (4/24;	 z	 =	 −3.31,	 p	 <	 .001).	 Average	 prevalence,	 including	
records	where	 the	 parasite	was	 not	 found,	was	 also	 significantly	
higher	in	the	introduced	range,	at	14.7%	(CI:	13.9%–15.5%),	than	in	
the	native	range	at	0.1%	(CI:	0%–0.7%;	z	=	−2.92,	p	=	.0035;	mar‐
ginal	R2	 =	 0.35,	 conditional	R2	 =	 0.79).	 If	 prevalence	 is	 averaged	
only	 over	 records	 where	 the	 parasite	 was	 found,	 this	 difference	

















both	 host	 species,	 in	 both	 the	 parasite's	 native	 and	 introduced	
ranges	(introduced:	z	=	−1.85,	p	=	.064;	native:	z	=	0.745,	p	=	.46).	By	
contrast,	parasite	prevalence	was	significantly	higher	in	E. depressus 

























3.3 | Susceptibility in the laboratory
We	followed	111	crabs	in	the	laboratory	from	experimental	parasite	
exposure	through	determination	of	infection	status.	While	there	was	









nificantly	 affect	 a	 crab's	 chances	 of	 being	 parasitized	 (χ2	 =	 1.52;	
p	 =	 .22).	 By	 contrast,	 interaction	 history	 did	 significantly	 change	
a	 crab's	 susceptibility	 (χ2	 =	 8.99;	 p	 =	 .011).	 In	 naïve	 crabs,	 53.3%	
(16/30)	were	parasitized,	a	significantly	elevated	susceptibility	com‐
pared	with	27.3%	(12/44)	of	crabs	from	the	parasite's	native	range	








parasites	 are	 introduced	 beyond	 their	 natural	 boundaries.	 Several	
studies	 have	 illustrated	 significant	 geographic	 variation	 in	 parasit‐
ism	where	 evolutionarily	 naïve	 populations	 are	 disproportionately	









ies	 (14/16)	 found	higher	virulence	of	 introduced	parasites	 in	novel	
native	hosts	 than	 in	 the	coevolved	hosts	with	which	 they	 invaded	
(Lymbery	 et	 al.,	 2014).	 Moreover,	 parasites	 and	 pathogens	 trans‐
ferred	with	introduced	hosts	can	have	significant	negative	impacts	




do	 not	 represent	 host‐switching	 by	 the	 parasite.	 Instead,	molecu‐
lar	analyses	suggest	that	a	single	L. panopaei	 lineage	(the	ER	clade,	




relatively	 unexplored	 dynamic	 of	 a	 parasite	 introduction	 to	 naïve	
hosts	without	host‐switching.	There	are	few	studies	of	this	phenom‐
enon	in	macroparasite	systems	(but	see	Feis,	Goedknegt,	Thieltges,	
Buschbaum,	&	Wegner,	 2016).	Most	 comparable	 examples	 to	 this	
system	 come	 from	 the	medical	 literature,	 where	 emerging	micro‐


















Moreno‐Gámez,	 &	 Stephan,	 2014;	 Thompson,	 1999).	 Under	 this	
framework,	mud	crab	hosts	in	the	Gulf	of	Mexico	may	have	evolved	








and	 those	 in	 the	Chesapeake	Bay,	 suggesting	 that	L. panopaei	 has	
truly	become	established	in	a	naïve	host	population	rather	than	being	
introduced	along	with	a	coevolved	host	population	(the	authors,	in	
review).	An	earlier	experimental	 study	 in	 the	parasite's	 introduced	
Chesapeake	 Bay	 range	 suggested	 that	 susceptibility	 to	 parasitism	
was	 not	 strongly	 heritable	 within	 12	 families	 of	 mud	 crabs,	 but	
this	 initial	 experiment	within	 a	 single	 population	 did	 not	 compare	
evolved	differences	 between	host	 populations	 from	 the	parasite's	
native	range	and	previously	naïve	host	populations	(Grosholz	&	Ruiz,	
1995).	Our	susceptibility	data	support	a	role	for	evolutionary	change	
in	 influencing	 prevalence,	 by	 demonstrating	 that	 naïve	 crabs	 are	
554  |     TEPOLT ET aL.




from	 the	 parasite's	 native	 and	 introduced	 ranges	 despite	 marked	
differences	 in	 field	prevalence.	We	 suspect	 that	our	 experimental	
design	has	contributed	to	(or	perhaps	caused	altogether)	the	unex‐
pectedly	low	susceptibility	in	crabs	where	the	parasite	has	invaded.	
Our	 experimental	 design	 relied	 on	 uninfected	 crabs	 collected	 as	












be	 due	 to	 parasitism	 in	 the	 field	 selectively	 removing	 susceptible	
crabs	from	our	experimental	pool.	Alternatively,	or	additionally,	it	is	
possible	that	crab	populations	in	the	introduced	range	have	rapidly	










are	 preliminary,	 the	 significant	 increase	 in	 susceptibility	 in	 naïve	














sponse	to	parasitism,	 it	 is	 likely	that	the	parasite	 is	also	evolving	as	









Mytilicola intestinalis,	 which	 has	 invaded	 naïve	mussel	 populations,	
has	 shown	 the	 rapid	 development	 of	 distinct	 host–parasite	 rela‐








and	 its	 role	 in	 shaping	prevalence	and	susceptibility,	we	suggest	
future	 experiments	 to	 compare	 susceptibility	 between	 sympat‐
















tures	may	disadvantage	L. panopaei	 reproduction	 in	 its	 introduced	
range	(Gehman,	Hall,	&	Byers,	2018).	While	we	cannot	yet	fully	dis‐
entangle	temperature	and	latitude	from	invasion	history	in	this	sys‐





Florida	 site	 (ML)	where	 the	 parasite	 is	 introduced	 has	 a	markedly	
higher	parasite	prevalence	than	its	“sister”	sites	in	the	parasite's	na‐
tive	range	(LA	and	AP;	Figure	1b).
Smaller	 scale	 environmental	 differences	 may	 also	 influence	
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part	to	salinity	differences	between	sites;	published	data	show	strong	
salinity	dependence	of	L. panopaei	larval	development.	In	laboratory	
studies,	 larval	 development	 has	 shown	 a	 sharp	 decline	 at	 around	






the	observed	difference	 in	 parasite	prevalence	between	R. harrisii 
and E. depressus	 in	 our	 literature	 review.	Average	prevalence	 in	E. 
depressus	was	22	times	higher	in	the	introduced	than	native	ranges,	
in	 contrast	 to	 a	 fourfold	 increase	 in	R. harrisii,	 for	 samples	where	
the	parasite	was	present	(Figure	2).	This	difference	may	reflect	the	
ability	of	 the	mesohaline	R. harrisii	 to	exploit	 a	 low‐salinity	 refuge	
where L. panopaei	 cannot	consistently	develop,	whereas	 the	more	





linity	 refugia	 from	parasitism	appear	 to	be	a	 relatively	widespread	
phenomenon	 for	 estuarine	 species	 including	 other	 crabs	 (Dunn	&	
Young,	2013;	Ford,	Scarpa,	&	Bushek,	2012).
4.3 | Coevolution and biological introductions
Species	 introductions	 of	 hosts,	 both	with	 and	without	 their	 para‐
sites,	also	offer	valuable	opportunities	to	explore	the	potential	role	
of	coevolution	 in	shaping	host–parasite	 interactions.	 In	a	different	
Rhizocephalan	 system,	 the	 crab	 host	 Charybdis longicollis	 initially	











While	 R. harrisii	 has	 been	 introduced	 to	 many	 global	 regions,	
in	 all	 of	 these	 cases	 it	 appears	 that	 L. panopaei	 has	 not	 yet	 fol‐
lowed	it	(Fofonoff,	Ruiz,	Steves,	Simkanin,	&	Carlton,	2019;	Fowler,	
Forsström,	 von	 Numers,	 &	 Vesakosk,	 2013).	 Understanding	 the	
source	region	of	current	(and	future)	introductions	of	hosts	and	their	
interaction	 history	with	 potential	 parasite	 introductions	may	 have	
important	implications	for	the	ecology	and	dynamics	of	introduced	







with	 long	 histories	 of	 interaction	 with	 the	 parasite,	 this	 suggests	
that	many	introduced	populations	may	share	an	increased	ancestral	
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